Red subdwarfs in binary systems are crucial for both model calibration and spectral classification. We search for red subdwarfs in binary systems from a sample of high proper motion objects with Sloan digital Sky Survey spectroscopy. We present here discoveries from this search, as well as highlight several additional objects of interest. We find 30 red subdwarfs in wide binary systems including: two with spectral type of esdM5.5, 6 companions to white dwarfs and 3 carbon enhanced red subdwarfs with normal red subdwarf companions. 15 red subdwarfs in our sample are partially resolved close binary systems. With this binary sample, we estimate the low limit of the red subdwarf binary fraction of ∼ 10 %. We find that the binary fraction goes down with decreasing masses and metallicities of red subdwarfs. A spectroscopic esdK7 subdwarf + white dwarf binary candidate is also reported. 30 new M subdwarfs have spectral type of M6 in our sample. We also derive relationships between spectral types and absolute magnitudes in the optical and near-infrared for M and L subdwarfs, and we present an M subdwarf sample with measured U, V, W space velocities.
INTRODUCTION
Dwarf stars with subsolar metallicity are bluer than solar abundance dwarfs or main-sequence stars of the equivalence mass. They lie below the main sequence in the Hertzsprung-Russell diagram and appear less luminous than main-sequence stars. These objects were thus called "subdwarfs" by Kuiper (1939) . Evolving subdwarfs are referred to as cool subdwarfs to provide distinction from hot subdwarfs, a different class of objects (e.g. Han, Podsiadlowski, & Lynas-Gray 2007) . Cool dwarfs and cool subdwarfs are observationally and kinematically distinct, and were separated into Population I and II categories, ⋆ E-mail: zenghuazhang@gmail.com respectively by Baade (1944) . Population I and II are associated with the Galactic disc and spheroid respectively. Roman (1950 Roman ( , 1952 Roman ( , 1954 find that the old, high-velocity Population II stars were also metal deficient.
Red dwarfs are low-mass and relatively cool stars on the main sequence with spectral types of late-type K and M, masses between ∼ 0.6 and ∼ 0.08 M ⊙ , and surface effective temperatures between ∼ 4000 and ∼ 2300 K (Kaltenegger & Traub 2009) . Red dwarfs are the most common type of star both in the Milky Way (Kirkpatrick et al. 2012 ) and other galaxies (van Dokkum & Conroy 2010) . The spectra of red dwarfs are dominated by molecular absorption bands of metal oxides and hydrides. TiO and CaH near 7000Å are the most prominent bands (Bessell 1982 (Bessell , 1991 . Red subdwarfs (RSDs) are the subsolar counterparts of red dwarfs by chemical abundance. RSDs are significantly rarer than red dwarfs. The Kapteyn's Star (sdM1 type) is the only cool subdwarf among the sample of 8 pc within the Sun which contains more than 244 known stars and brown dwarfs, including 157 M dwarfs (Kirkpatrick et al. 2012 ). The known sample of late-type M subdwarfs is significantly smaller than that of early-type M subdwarfs because they are fainter and have lower space density according to the halo mass function (e.g. Chabrier 2003) . Late-type M subdwarfs have the most complex stellar atmospheres because they are ultracool and have large-scale variation of chemical abundance and gravity.
Although RSDs are less luminous than F, G and mid-K subdwarfs, they are numerous and have more notable spectral features caused by chemical abundance and gravity, thus they are better targets for observational and theoretical studies. It is difficult to distinguish F, G and mid-K subdwarfs from normal dwarf stars of the same spectral type using their optical spectra because they are featureless. Dwarfs and subdwarfs with spectral types of late-type K and M, however, have a number of very different spectral features. Model atmospheres also suggest that optical spectra of M subdwarfs are dramatically affected by metallicity variations. It is thus possible to use low-resolution spectroscopy for exploring effective temperature, metallicity and gravity effects on the spectra of these cool objects (Allard & Hauschildt 1995) .
Classification and characterization of M subdwarfs is a rapidly evolving field (Gizis 1997; Lépine, Rich, & Shara 2007; Jao et al. 2008; Dhital et al. 2012) . M subdwarfs are classified into three metal classes: subdwarf (sdM), extreme subdwarf (esdM) and ultra subdwarf (usdM) based on the ratio of TiO to CaH indices (Lépine, Rich, & Shara 2007) . CaH and TiO indices are easy to measure and sensitive to temperature and metallicity. However, Jao et al. (2008) found that the CaH and TiO indices are affected in complicated ways by combinations of temperatures, metallicities and gravities of RSDs. Model spectra show that the TiO5 index is more sensitive to metallicity while the CaH2 and CaH3 indices are more sensitive to gravity. This suggests that the effect of gravity, which was previously ignored, should be considered in the classification of M subdwarfs. An ideal testbed for the impact of gravity on spectra of M subdwarfs is binary systems with two M subdwarfs which share the same age and metallicity. With the same effect on spectra from metallicity, it is possible to measure the difference of gravity on the broad indices of CaH2, CaH3 and TiO5.
M subdwarfs in binary systems are the key for both model calibration, and spectral classification and characterization. Discovery of a sample of RSD binary systems is therefore crucial. In this paper we present the discovery of 45 RSD binary systems from the Sloan Digital Sky Survey (SDSS, York et al. 2000) and the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007) . At least one companion in each system is confirmed as an RSD with SDSS spectra. The selection and classification processes of our RSD sample are presented in Section 2. The identification of RSD binary systems is presented in Section 3. Section 4 presents further discussion of RSD binary systems of particular interests. Summary and conclusions is described in Section 5. 
THE SDSS SAMPLE
The eighth data release (DR8) of SDSS includes 14555 deg 2 of imaging data, and 9274 deg 2 of spectroscopic data. There are over 1.84 million spectra in total, including 0.6 million stars, 0.13 million quasars and 0.95 million galaxies (Aihara et al. 2011) . The SDSS DR8 also includes proper motions (PMs) for objects derived by combining SDSS astrometry with USNO-B positions, re-calibrated against SDSS. The errors of PMs are typically less than 10 mas·yr −1 (Munn et al. 2004 ).
Selection
We selected our candidates using SDSS CasJobs by combining the spectroscopic and PM catalogues. We required PM greater than 100 mas·yr −1 . No photometric criteria were applied but spectral observations for red dwarfs in SDSS is limited to r ∼ 21.0, i ∼ 20 and z ∼ 19.5. Most of RSDs in SDSS spectroscopic data base are at distances of 200 ∼ 400 pc. Objects with tangential velocity of 200 km s −1 at a distance of 400 pc (or 100 km s −1 and 200 pc) will have PMs higher than 100 mas·yr −1 . A PM cut of 100 mas·yr
allows a good balance in order to select most late-type K, early-type M and almost all mid-late type M subdwarfs in the combined SDSS PM + spectroscopic catalogues while minimizing the contamination by dwarf stars. Since not all spectra in DR7 (Abazajian et al. 2009 ) are reproduced in DR8 we applied our search to both data releases finding 7499 and 8445 spectra respectively. There were 9146 spectra in total for 8236 objects (some objects had more than one spectrum). Figure 2. g − r versus r − z (left) and g − r versus r − z (right) colours of our PM selected sample. Symbols in the figure are black down-pointing triangles: dMs; green squares: sdMs; red circles: esdMs; blue up-pointing triangles: usdMs; filled magenta pentagons: carbon dwarfs (dC); magenta pentagons filled with black: carbon subdwarfs (sdC); open magenta pentagons: DQ WDs; blue hexagon filled with red: WD + MS binaries; dark grey left-pointing triangles: WDs; cyan left-pointing: cool WDs (CWD); light grey dots: 3028 point sources (MS) with 17 < r < 18 selected from 10 square degrees of SDSS.
Spectral Classification
SDSS spectra were reduced and classified with the idlspec2d code by SDSS (Aihara et al. 2011) . For 8236 objects in our sample, 5687 were classified as stars, 1558 as galaxies and 348 as QSOs, 643 of them were not classified. Not all objects in the sample are classified by SDSS. RSDs are generally classified as stars or galaxies in some cases.
To pick out and classify RSDs in our sample properly we used a K and M subdwarf classification code developed by Lépine, Rich, & Shara (2007) . We ran the code on the spectra of all 8236 objects to identify subdwarfs and assign their spectral types. The code classified objects into nine groups: dM (2455), dK (80), sdM (689), sdK (326), esdM (483), esdK (189), usdM (256), usdK (189), and unclassified (3442). We found many objects, originally classified as galaxies by SDSS, that were re-classified as sdK, esdK or usdK.
We inspected the spectra by eye in each group to ensure that the correct classification was applied in each case. We found 2004 galaxies with false PMs were selected into our sample: 383 of them were classified as stars (mostly late-type K subdwarfs). We found that 463 late-type K subdwarfs and 1363 M subdwarfs survived the eyeball check. 54 objects were classified as sdM but removed from our subdwarf sample because they do not have typical halo kinematics. Fig. 1 shows reduced PMs and r − z colour of these objects.
Three sequences from left to right show the location of white dwarfs (WDs), M subdwarfs and M dwarfs. Fig. 2 shows two colour diagrams of g − r versus r − z and g − r versus r − z of the sample. The WD sample will be discussed in a future paper.
2.3 The M subdwarf sample 2.3.1 Spectroscopic distances M, L and T dwarfs are known in relatively large numbers in the solar neighbourhood and have recently improved absolute magnitude versus spectral type relationships (e.g. Faherty et al. 2012; Dupuy & Liu 2012) . M and L subdwarfs are much less numerous in nearby space and their absolute magnitude and spectral type relationships have not been well constrained. To estimate distances of our M subdwarfs we determined relationships between spectral types and absolute magnitudes (Mr,i,z,J,H,Ks) based on SDSS and . Spectral type and absolute magnitude relationships of dwarfs (black pluses), subdwarfs (red dots) and extreme subdwarfs (blue diamonds). M0 = 0, M5 = 5, L0 = 10, L5 = 15. Green and black lines on the left-hand panels are best fits of dwarfs and all subdwarfs respectively. Green, cyan and magenta lines on the right-hand panels are best fits of dwarfs, subdwarfs and extreme subdwarfs, respectively. M and L subdwarfs with two independent parallax measurements are plotted twice.
2MASS filters. We collected a sample of M and L dwarfs 1 and subdwarfs 2 with parallax distances from the literature. 3 shows spectral type -absolute magnitude relationships of M and L types of dwarfs and subdwarfs. The parallax sample of available M subdwarfs is classified under the system of Gizis (1997) which has three metal classes: dM, sdM and esdM. M subdwarfs with metal class of usdM (see Fig. 3 of Lépine, Rich, & Shara 2007) are included in the esdM metal class of Gizis (1997) . Table 1 shows parallax measurements of M and L subdwarfs used in Fig. 3 . We fitted Mr,i,z of M and L subdwarfs and extreme subdwarfs together with straight lines. We fitted MJ,H,Ks of M Tables 2 & 3 show the coefficients of polynomial fits of the SDSS and 2MASS magnitudes as a function of spectral type for the M and L subdwarfs and dwarfs plotted in Fig. 3 . Table 4 shows average absolute magnitudes in 2MASS J, H, Ks bands for K7 subdwarfs in Tables 3 & 2. Early-type M subdwarfs are fainter than the same subtype dwarfs in optical bands and even more so in near-infrared bands. It is clear that esdMs are fainter than sdMs, and sdMs are fainter than dMs for M5 types. However, latetype M and L subdwarfs appear to be brighter than normal dwarfs with the same subtypes for Mr,i,z,J , and similar to that of dwarfs for MH,Ks. The H2 collision-induced absorption (Saumon et al. 1994 ) becomes stronger as metallicity goes down and suppresses the H and Ks band flux, thus the near-infrared spectra become bluer. While the dust cloud delays the suppressing of spectra below 1 µm . From Fig. 3 we can see ultracool subdwarfs (UCSDs) may not be a suitable name for metal-deficient ultracool dwarfs (UCDs) because they are not less luminous than the same subtype UCDs. 'Purple dwarfs' might be a sensible name for such bluish and very-red UCDs with subsolar abundance.
Space motions
We estimated distances of our M dwarf and subdwarf samples based on spectral type -absolute magnitude relationships derived in Section 2.3.1. For objects detected in 2MASS, we used the mean value of distances estimated Note. Coefficients of fifth-order polynomial fits of the SDSS, 2MASS absolute magnitudes as a function of spectral types for M0-L8 dwarfs in Fig. 3 . The fits are defined as
where SpT = 1 for M1, SpT = 5 for M5, SpT = 10 for L0, SpT = 15 for L5. Optical spectral types are applied to fits of SDSS r, i, z magnitudes. Near-infrared spectral types are applied to fits of 2MASS J, H, Ks magnitudes. The rms errors are indicated in the last column. The fits are applicable from M1 to L8 for M r,i,z and from M1 to L9 for M J,H,Ks .
with spectral type versus MJ,H,Ks relationships, since they have smaller root-mean-square errors than the optical bands (usdMs are treated as esdMs). For objects not detected in 2MASS or which have no errors for J, H, Ks band magnitudes, we estimated their distances with spectral type versus Mr,i,z relationships, and the mean value of three distances for each object is adopted as a final distance.
Stellar Doppler shifts are computed using the ELODIE library (Prugniel & Soubiran 2001 ) spectra as templates with the SDSS pipeline (Adelman-McCarthy et al. 2008; Aihara et al. 2011) . These Doppler shifts represent the best estimate of the radial velocity of the star. Fig. 4 shows the normalized radial velocity and error distribution of dMs, sdMs, esdMs and usdMs. The full width at half-maximum (FWHM) of the best Gaussian fits for dMs, sdMs, esdMs and usdMs are 85.71, 257.54, 296.54 and 303.11 km s −1 respectively. The M subdwarfs velocities are larger than that of M dwarfs, which is consistent with these M subdwarfs be- Note. Coefficients of first-order polynomial fits of the SDSS, 2MASS absolute magnitudes (M abs ) as a function of spectral types (SpT) for M0-L7 subdwarfs in Fig. 3 . The fits are defined as M abs = c 0 + c 1 × SpT where SpT = 0 for M0, SpT = 5 for M5, SpT = 10 for L0, SpT = 15 for L5. The rms errors and applicable ranges of spectral types are indicated in the last two columns. ing members of the Galactic halo; while the M dwarfs derive from the Galactic disc. With PMs and radial velocities from SDSS and spectroscopic distances estimated from Section 2.3.1, we calculated the U, V, W space velocities of our M subdwarfs. Fig. 5 shows the space velocities in V -U and V -W spaces. Fig. 6 shows distributions of U, V, W Galactic velocities for dMs, sdMs, esdMs and usdMs. Fig. 7 shows cumulative histograms of errors of U, V, W and total space velocities. The lack of objects around U ∼ 0 km s −1 reflects the fact that only objects with PMs higher than 100 mas·yr −1 are selected in our sample, thus some distant earlytype M subdwarfs are missed. The V space velocity distributions of dMs, sdMs, esdMs and usdMs have their maxima at −34.64, −168.09, −206.08 and −237.19 km s −1 , and we find FWHM of 67.95, 172.43, 171.65 and 257.59 km s −1 respectively, assuming a Gaussian distribution. The V velocity distribution of M dwarfs can not be fitted well with a single Gaussian line (Fig. 6 ). It appears that some of the M dwarfs (∼18%) have halo-like velocities (V < −100 km s −1 ). A single Gaussian also can not fit the distribution of W velocity (17% have W > 50 km s −1 or W < −80 km s −1 ). This means a fraction of M dwarfs have halo like kinematics. There are also some M subdwarfs which have disc kinematics in the original sample. The study by Spagna et al. (2010) 
New late-type M subdwarfs
Cool subdwarfs with spectral types of late-type M and L are referred to as UCSDs (e.g. ) following the definition of UCDs (e.g. Kirkpatrick, Henry, & Irwin 1997) . UCSDs are important for our understanding of metalpoor ultracool atmospheres. UCSDs exhibit complex spectra dominated by molecular absorption bands and metal lines. Spectra of UCSDs are affected by their low effective temperature, subsolar abundance and gravity in a complicated way. Current atmospheric models do not reproduce observed spectra of UCSDs (Burgasser, Cruz, & Kirkpatrick 2007) . UCSDs with different properties (T eff , [M /H], gravity, multiplicity) are very useful to test and calibrate models of ultracool atmospheres (Burrows et al. 2001; Marley et al. 2002; Helling et al. 2008; ) and low-mass stellar evolution scenarios (Baraffe et al. 1997 (Baraffe et al. , 2003 Table 5 shows photometry and PMs of these 30 new M6 subdwarfs. Fig. 8 shows spectral Figure 8 . SDSS optical spectra of 30 RSDs with spectral types of sdM6, esdM6 and usdM6. The SDSS name and spectral type are indicated above each spectrum. Absorption bands of CaH2, CaH3 and TiO5 are also indicated above top spectra. All spectra are normalized at 8000Å. sequences of these sdM6, esdM6 and usdM6 subdwarfs. Spectral types are assigned according to a metallicity index ζ TiO/CaH defined by absorption bands of CaH2, CaH3 and TiO5 (Lépine, Rich, & Shara 2007) . From these spectra we can see that both CaH and TiO bands are sensitive to effective temperature, but that the TiO bands are more sensitive to metallicity compared to CaH bands. Spectral types of these late-type M subdwarfs have uncertainties of 0.5-1.0 because some spectra do not have a very high signal-to-noise ratio. The actual uncertainty of the spectral type classification could be larger because the effects of gravity are not included in the ζ TiO/CaH index. In some extreme cases, gravity could changes the ζ TiO/CaH index by an equivalent of three subtypes. We will discuss the impact of gravity on the spectra of M subdwarfs in Section 2.3.4.
High-gravity M ultra subdwarfs
During our visual inspection of M subdwarf spectra we found some M subdwarfs that have very strong CaH bands, and appear up to three subtypes later than normal M subdwarfs with the same overall profile. The CaH and TiO indices are used to assign spectral types and metal class for M subdwarfs (Gizis 1997 ity is not considered in the classification of M subdwarfs. The study by Jao et al. (2008) based on Gaia model grids (Brott & Hauschildt 2005) suggests that CaH and TiO absorption bands are both good indicators of effective temperature. The TiO is more sensitive to metallicity changes compared to CaH. The CaH is very sensitive to gravity changes but the TiO does not appear to be sensitive to gravity at all. Jao et al. (2008) also suggests that overall spectral profiles could be used as a major indicator of effective temperature. In this system, spectra with similar overall profiles and TiO indices would have similar effective temperatures and metallicities, and the variation of CaH indices would represents gravity changes. We inspected all subdwarf spectra for unusual, relative CaH strength and found a large variation of the depth of CaH bands among M subdwarfs with the same overall profile and depth of TiO band. Fig. 9 shows SDSS spectra of M subdwarfs with different gravity features. Spectra of M subdwarfs with normal gravity are over-plotted for comparison: SDSS J091559.72+290817.4 (SDSS J0915; sdK5), SDSS J010131.32−002325.6 (SDSS J0101; esdM0.5), SDSS J110252.67+274203.7 (SDSS J1102; esdK6.5), SDSS J133945.66+134747.3 (SDSS J1339; usdM0.5), SDSS J092833.78+425428.8 (SDSS J0928; usdM2). Each set of spectra in Fig. 9 have similar overall profile and depth of TiO band but have very different depths of CaH bands which are indicators of gravity. They are classified as different spectral types and metallicity classes according to the classification system of Lépine, Rich, & Shara (2007) as indicated in Fig.  9 . We note, however, that spectral types of these unusual M subdwarfs as they stand are flawed since they do not take account of the high-gravity of these sources. They should have similar subtypes as normal M subdwarf spectra (SDSS J0101, SDSS J1339, SDSS J0928) over plotted with them in Fig. 9 , e.g. spectral type of SDSS J1204 should be an usdM2 rather than usdM5. Table 6 shows SDSS photometry, PMs and spectral types of these five high gravity M ultra subdwarfs. We only found such large variation of CaH band in our usdM subdwarf sample. The TiO band in spectra of usdM subdwarfs is very weak and barely visible, thus has large measurement errors. If strengthening CaH bands in these five usdM subdwarfs does not represent high gravity, it probably indicates low metallicity beyond normal usdM subdwarfs. Dahn et al. (1977) identified the first dwarf carbon star G 77-61 (LHS 1555), and hypothesized that this object was in fact a double star. The primary ejected carbon material on to the surface of its lower mass companion during its giant branch phase, and then evolves to become a cool WD and is much fainter than the carbon dwarf secondary (e.g. Steinhardt & Sasselov 2005) . Radial velocity variations proved this hypothesis of an unseen component in G 77-61 (Dearborn et al. 1986 ). The U, V, W space motion (Dahn et al. 1977 ) and spectrum fits (Gass, Wehrse, & Liebert 1988; Plez & Cohen 2005) Five cool carbon dwarfs with strong CaH indices were noticed by Margon et al. (2002) . They argue that CaH indices present in these stars may be an effective low-resolution luminosity indicator. However, it may be more natural to explain the presence of CaH indices with low metallicity. Strong CaH and weak TiO indices are main features of late-type K and M subdwarfs. These carbon-enriched metaldeficient objects could be called 'carbon subdwarfs' because they have features of both cool subdwarfs and carbon dwarfs (see Section 4.3 for further discussion). Nine late-type K and M type carbon subdwarfs have been identified in our sample. Five mid-K-type carbon subdwarf candidates are also identified. Table A1 shows photometry and PMs of these carbon subdwarfs and 22 cool carbon dwarfs..
Carbon subdwarfs

NEW BINARY SYSTEMS
We used three different methods to identify subdwarf binary systems with different separations.
Wide common PM binaries
Common PM is one of the most useful indicators of wide binary systems (> 100 au). Many ultracool dwarf binary systems have been successfully identified by this method (e.g. Lépine, Rich, & Shara (2007) which has no consideration for gravity effects, and thus are flawed for these high-gravity objects. More practicable subtypes of these high-gravity M subdwarfs are indicated in parentheses after their spectral types. 
Cross match
The statistical probability that two objects with common PM higher than 100 mas·yr −1 and errors less than ∼ 15 mas·yr −1 within a few arcminutes could occur by random is usually very small (e.g. ≪ 1%, Zhang et al. 2010) . We obtained a sample of 1.81 million objects with PMs larger than 80 mas·yr −1 from SDSS DR8 and cross matched this sample with our PM and spectroscopy sample. To include some possible very wide binaries we used a separation limit of 9 arcmin, and PM difference of 15 mas·yr −1 during this cross match. Objects in the SDSS PM catalogue generally have errors better than 15 mas·yr −1 for r < 20 (Figure 4 of Munn et al. 2004) . Objects with errors larger than 15 mas·yr −1 are not reliable.
We first estimate the expected number of random common PM pairs within our RSD sample and SDSS PM catalogue. The SDSS PM catalogue has 1.81 million objects with PM > 80 mas·yr −1 . For each of these 1.81 million objects, we counted the number of common PM pairs with PM differences of less than 15 mas·yr −1 in the PM sample of 1.81 million objects, without separation constraints. We then divided the total number of common PM pairs (1.642 billion) by the total number of objects (1.808 million) and the total coverage of the PM catalogue (14555 arcmin 2 ) to get the average random common PM density of the whole sample. The possibility of finding common PM companions within 15 mas·yr −1 by random within a small area of radius of 9 arcmin is 4.41 × 10 −3 . Thus, we would expect to find 1880 × 4.41 × 10 −3 = 8.3 random common PM pairs between our RSD sample and the PM catalogue with 1.81 million objects.
50 M subdwarf common PM pairs were found in our PM pair search. Fig. 10 (a) shows PMs of 30 RSD binaries. Their PMs are listed in Table 7 . To confirm the binary status of our common PM pairs, we did a colour consistency check of our common PM pairs according to three rules: (I) fainter companion should have redder colours; (II) companions of a binary should associate and line up on the same ridge in the reduced PM versus r − z colour plot (Fig. 11) ; (III) companions of a binary should associate and line up on the same metallicity sequences (Figure 12 ). Rule (I) is also applied when we use rule (II) or (III) for binarity checking. These three rules do not apply on binaries with WD companions. 32 survived rule (II), and 24 of them also survived rule (III). We thus believe these 24 common PM pairs are genuine binary systems. Table 7 shows properties of the RSD binaries identified with common PMs. Of all our wide binaries identified with common PMs, at least one of the companions is a confirmed RSD with SDSS spectra. Colours and relative brightnesses of these RSD are consistent with their common PM companions. Fig. 13 shows SDSS spectra of some of these companions. In five systems spectra of both components were taken by SDSS. Fig. 11 shows the SDSS r band reduced PM and r − z colours of these 30 RSD binaries and 9 M6 dwarf binaries (discovered as a by-product, see Table A2 in the appendix). Our sample (grey dots) are separated into three sequences: WD, RSD and M dwarfs from left to right. Fig. 12 shows the g − r and r − z colours of 30 RSD binary systems. Four metal sequences of dwarfs, M subdwarfs, M extreme subdwarfs, and M ultra subdwarfs are plotted for comparison. A number of carbon dwarfs/subdwarfs are also over plotted. Three carbon subdwarfs look inconsistent in Figures 11 and 12 , suggesting that only one companion in each system is a carbon subdwarf (see Section 4.3 for further discussion).
Visual inspection
We conducted a systematic search for companions to our M subdwarfs. This search was conducted by visual inspection of the region of sky around each of our M subdwarfs using the SDSS Navigate Tool. We inspected images covering separations out to 1 arcmin on the sky, and looked for objects that could be K or M subdwarf companions according to rule (I) (Section 3.1.1). Then we measured PMs of all such selected candidates following the method described in section 5 of Zhang et al. (2009) to test their companionship. Images available from online data bases of the SDSS, UKIDSS and POSS are used for our PM measurements. Five common PM pairs were found by this method.
We applied this method to a larger SDSS RSD sample without PM measurements to search for fainter companions. We select binary candidates by their colours, then measure their common PMs to confirm their binary status. SDSS J150015.11+473937.5 (SDSS J1500; usdM0.5) is found to have a fainter companion with spectral type of usdM3 ac- Figure 13 . SDSS spectra of nine subdwarf companions in eight wide binary systems. All spectra are normalized at 8000Å. Spectra are binned by 11 pixels, original spectra are plotted in yellow.
cording to Fig. 3 . We are following up more binary candidates from a colour + spectroscopy selected RSD sample.
Partially resolved binaries
Objects classified as galaxies by imaging data, but as stars by spectroscopy or PMs, are often in fact partially resolved binary systems. A binary system with relative small separation (e.g. 0.5 arcsec -3 arcsec for SDSS images) and similar luminosity for each companion (e.g. dM+dM, dM+WD or WD+WD) will be classified as an extended source, e.g. a galaxy.
Four spectroscopically confirmed M subdwarfs in our sample were classified as galaxies by the SDSS pipelines based on their imaging data. We found that they have a peanut-like configuration and double peaks in their images (SDSS J093517.25+242139.4, esdM1; SDSS J121502.52+271706.7, esdM0.5; SDSS J131304.72−033102.4, usdM1; SDSS J142259.37+144335.9, esdM0.5). These objects all have high PMs. To confirm that they are binaries, we checked their POSS1, POSS2 and UKIDSS images (Fig. 14) . These systems are all detected but not resolved in POSS1 r band images, and have substantially moved their positions in the SDSS images. They have elliptical shapes in POSS2 ir images (1.0 arcsec pixel −1 ), and are consistent with their SDSS i and z band images (0.4 arcsec pixel −1 ). SDSS J1215 and SDSS J1313 are also detected in the UKIDSS images (0.2 arcsec pixel −1 , 0.4 arcsec pixel −1 ). These peaks in each pair generally the same separations and position angles in SDSS and UKIDSS images. As an example, Fig. 14 (o) and (p) show that SDSS J1313 is passing by a background object to its western side from SDSS to UKIDSS epochs. Thus we conclude that these four objects are common PM binary systems. Four late-type K subdwarf binary systems (SDSS J091956.86+324844.2, sdK7; SDSS J111523.79+270216.3, sdK7; SDSS J124951.09+324521.4, sdK6.5 and SDSS J152733.23+113853.2, sdK7.5) were found in the same way. Companions in these eight binary systems generally have similar magnitudes. To find close binary systems which contain fainter companions (and may not be classified as galaxies by SDSS) in our sample, we visually inspected all M subdwarfs in our sample in SDSS and UKIDSS, and found another seven close RSD binary systems. They all have double flux peaks and common PMs. In total we found 15 partially resolved binary systems from our RSD sample. Nearby stars around these binaries do not have double peaks.
Five M and two late-type K subdwarfs have faint companions detected nearby but there are not good enough second epoch images to confirm their common PMs. Table 8 shows photometry and PMs of 15 partially resolved RSD binaries and 7 candidate systems. SDSS spectra of these RSD binaries can not be distinguished visually from that of single RSDs. A combined spectrum of two equal spectral type companions in a close RSD binary would looks similar to spectra of each companion. While a combined spectrum of two companions with more than 2-3 subtypes different would be dominated by the brighter companions. 
Binary fraction of RSDs
The multiplicity fraction of dwarf stars decreases with mass, from 57% for nearby solar-type main-sequence stars (Duquennoy & Mayor 1991) Forty four RSDs from our original PM selected sample are found in binary systems with projected separation of > 100 au. Fainter companions are missed due to the survey depth and the incompleteness of the PM catalogue used for the companion search. Although our binary search is not complete, this binary sample does however indicate a changing trend of binary fraction by masses and metallicities. We find that the binary fraction of RSDs reduces with decreasing masses and metallicities. Table 9 shows the statistics of binary frequency of RSDs from our sample by spectra and metallicity classes.
Companions of wide binaries in Table 7 without SDSS spectra are not in our original sample. We group binaries by spectral types of companions in our original sample. Both companions of two sdK + sdM systems 18AB and 30AB in Table 7 are in our original sample, we count as one in both sdK and sdM groups.
This binary sample also allows us to put a lower limit on the binary fraction (> 100 au) of RSDs. 2.41% of our RSDs are confirmed in binary systems. As our search of binaries is not complete the binary fraction will be higher than 2.41%. There are another seven binary candidates listed in Table 8 to be confirmed with second epoch imaging. The completeness of SDSS+USNO PM catalogue is 0.7 for SDSS i = 19, and 0.3 for SDSS i = 20 (Munn et al. 2004) . RSDs in our sample are at distances of 100-500 pc. Faint UCSD companions of these RSDs would be missed due to the survey depth. Massive (M/M ⊙ > 1) companions of RSDs would have evolved (e.g. cool WDs, neutron stars and black holes) and are too faint to be detected by SDSS and UKIDSS. Thus the RSD binary fraction at > 100 au should be 5%. The binary fractions of K-and M subdwarfs at > 100 au and > 100 au measured by Jao et al. (2009) are 14 and 12 per cent, respectively. Assuming that RSD binary fractions are comparable, the total RSD binary fraction would be 10% according to our sample. More complete and deeper PM catalogues (e.g. Gaia) and deep imaging surveys are needed to find wide and cooler companions of our RSDs. High spatial resolution imaging is needed to search for close binaries (< 100 au). These new searches will allow us to put a tighter constraint on the binary fraction of RSDs.
BINARY SYSTEMS OF NOTE
In this section we discuss in more detail systems of particular interest, including those where the secondary is a relatively nearby late-type star, and also those where a companion has somewhat unusual properties.
G 224-58 AB (esdK2 + esdM5.5)
The spectrum of SDSS J151650.33+605305.4 (SDSS J1516) is shown in Fig. 13 . It has been spectroscopically classified as an esdM5.5 subdwarf, and is a wide companion to the esdK2 subdwarf G 224-58 (22A in Table 7 ). With a separation of 93 arcsec, this system is one of our widest binaries. An optical spectrum of G224-58 was observed with the Intermediate Dispersion Spectrograph mounted on the Isaac Newton Telescope on 2010 December 24. The data were reduced and the spectrum extracted using standard software packages, and we measured the radial velocity of G 224-58 by cross-correlation with a radial velocity standard over several wavelength ranges. We avoided regions contaminated with telluric lines, and also avoided possible emission lines, and any lines that appeared to be broadened. When we cross-correlated with the reference star HD3765, which has a radial velocity of −63.30 km s −1 (Udry, Mayor, & Queloz 1999), we derived a radial velocity of −189.07±0.15 km s −1 for G 224-58. We also measured the radial velocity using a different reference star; HD10780 (+2.70 km s −1 ), and measured a consistent value. The radial velocity of G 224-58 is consistent with that of SDSS J1516 or G 224-58 B, −185.02±3.20 km s −1 measured from the SDSS spectrum. This is consistent with expectations for a physically associated system. G 224-58 AB has the highest PM (449.77±7.10 mas·yr −1 ) amongst our binary sample. It is at a distance of 137±28 pc, estimated using the relationship between absolute magnitudes and spectral type (Fig. 3) , and has clear halo space velocities (U = 278 km s −1 , V = −202 km s −1 , W = −39 km s −1 ). Precise metallicity measurements of M dwarfs for calibration have become popular in the last few years (e.g. Rojas-Ayala et al. 2010 Terrien et al. 2012; Onehag et al. 2012; Neves et al. 2013 ). These works are based on M dwarfs in binary systems with FGK dwarfs primaries. Precise metallicities are measured from high resolution spectra of early-type primaries adapted to the M dwarf secondaries to calibrate metallicity features in their spectra. The lowest M dwarf metallicity calibrations are currently [M /H] ∼ −0.5 due to the lack of binaries of M + FGK Luhman et al. 2007; Burningham et al. 2009 Burningham et al. , 2011 Zhang et al. 2010; Faherty et al. 2010; Pinfield et al. 2012 ) and used to calibrate spectral analysis techniques (e.g. Burgasser, Burrows, & Kirkpatrick 2006) , and test atmospheric and evolutionary models (e.g. Dupuy, Liu, & Ireland 2009; Leggett et al. 2008 ). Yet among metal-poor ultracool dwarfs, only one benchmark has been discovered, the d/sdM9 ([Fe/H] = −0.7) HD 114762B (Bowler, Liu, & Cushing 2009 ), the proximity to its sdF9 primary has made it a challenge to observe. No L and T subdwarf benchmark has been found so far. Although there are a few mild metal-poor T dwarf benchmarks (with [M /H] ∼ −0.3 ± 0.1) that have been found: SDSS J1416AB (Burningham et al. 2010) ; HIP 73786B (Murray et al. 2011) ; BD+01
• 2920B (Pinfield et al. 2012 ). G 224-58B is a very cool extreme subdwarf and could provide a precise metallicity constraint from its early-type primary, it is thus a benchmark object that could be used for testing and calibration of atmospheric and evolutionary models of metal-poor low-mass stars.
4.2 SDSS J210105.37−065633.0AB (esdM1+esdM5.5)
The spectrum of SDSS J210105.44−065639.0 (SDSS J2101 B) is shown in Fig. 13 , and is classified as an esdM5.5 subdwarf. It is a companion to the esdM1 subdwarf SDSS J210105.37−065633.0 (SDSS J2101A). This binary has an angular separation of 6 arcsec, and it is at a distance of 183±37 parsec, derived using our relationship between absolute magnitudes and spectral type (Fig. 3) . The system has halo space velocities (U = −90 km s −1 , V = −310 km s −1 , W = −49 km s −1 ). This system is of particular use as a test for the M subdwarf classification methods which is still in debate (e.g. Lépine, Rich, & Shara 2007; Jao et al. 2008 ).
Three carbon subdwarfs in binary systems
Three of the companion objects have features that are characteristic of RSDs and also have features that are characteristic of carbon dwarfs. We have examined these objects closely in the SDSS i− and z− band images (0.4 arcsec pixel − 1), and they show no evidence for being partially resolved multiple systems. Fig. 15 shows the relative location of each component with respect to the dM, sdM, esdM and usdM sequences in grz colour-space. The companions to these three objects appear to be normal RSDs occupying typical colour space in the g − r versus r − z diagram. This indicates that the carbon in subdwarfs did not originate in their formation environment, but has presumably comes from the progenitors of unseen WD companions. SDSS J145725.85+234125.4 (SDSS J1457 A) was classified as an usdK6.5 subdwarf according to the metallicity index ζ TiO/CaH defined by Lépine, Rich, & Shara (2007) . It has a high PM of µRA = −348.71 ± 10.73 mas·yr −1 , µDec = −59.22 ± 15.17 mas·yr −1 . SDSS J1457AB is a robust genuine binary with separation of 3.96 arcsec. The top panel of Fig. 16 shows the spectrum of SDSS J1457A plotted along with a best-fitting carbon dwarf spectrum (also from SDSS) and an esdK7 type subdwarf spectrum. We can see that the spectrum of the carbon dwarf is very similar to that of SDSS J1457A, apart from the CaH region around 6700-7000Å. However, the spectrum of the esdK7 subdwarf SDSS J092302.40+301919.7 (SDSS J0923) compares well with the spectrum of SDSS J1457A in this 6400-7900Å range. Features of both RSDs (CaH, TiO bands) as well as carbon dwarfs (e.g. the C2 swan bands) are clear in the spectrum of SDSS J1457A. Thus, we think SDSS J1457A is a K7-type carbon subdwarf.
Although the CaH and TiO indices match well with that of an esdK7 subdwarf, but SDSS J1457A is actually an sdK7 subdwarf. The reason why the SDSS J1457A appears like an esdK7 is because the TiO index is sensitive to both metallicity and carbon abundance. When the C/O ratio is greater than 1, all of the oxygen is bound in CO, and none is left to bond with titanium to form TiO (chapter 2, Reid & Hawley 2005 ). Thus it is not possible to measure the correct metallicity of carbon subdwarfs by their CaH and TiO indices without consideration of carbon abundance. In the case of SDSS J457A, we can measure the metallicity from its binary companion. SDSS J145726.02+234122.2 (SDSS J1457B) is an M6.5-type subdwarf according to the Mr,i,zspectral type relationships shown in Fig. 3 . Fig. 15 shows that SDSS J1457B is an sdM subdwarf, as it is located at the sdM sequence and very close to the dM sequence. SDSS J1457A should share the same metallicity as SDSS J1457B. Thus, we conclude that SDSS J1457AB is an sdK7+sdM6.5 carbon subdwarf system. SDSS J153554.81+105323.7 (SDSS J1535B) was classified as an usdK6.5 subdwarf according to the metallicity index ζ TiO/CaH defined by Lépine, Rich, & Shara (2007) . The spectrum of SDSS J1535B shown in the middle of Fig.  16 is similar to that of SDSS J1457A but with shallower CaH Figure 16 . SDSS spectra of three carbon subdwarf SDSS J1457A, SDSS J1535B and J1614A. SDSS best-fitting spectra (red, carbon dwarf) and spectrum of SDSS J0923 (top panel, blue, esdM7), SDSS J1448 (middle panel, blue, esdM7) and SDSS J1134 (bottom panel, blue, esdM7.5) are over-plotted for comparison. Spectra are normalized at 7500Å and binned by 11 pixels except SDSS best-fitting carbon dwarf spectra.
indices and C2 swan bands. The best-fitting carbon dwarf spectrum does not provide a good fit for the CaH indices at 6700-7000Å. SDSS J1535B compares well with an esdK7 type subdwarf SDSS J144819.31+363400.4 (SDSS J1448) in the spectral range 6400-7900Å. The carbon dwarf emission index at 6750-6950Å explains why the CaH indices of SDSS J1535A are slightly shallower than those of the esdK7 subdwarf. We classify SDSS J1535B as a K7 type carbon subdwarf. SDSS J1535A is a K5.5 subdwarf according to Fig. 3 . SDSS J1535AB is an esdK5.5 + esdK7 carbon subdwarf system according to its CaH and TiO indices. They may have higher metallicity than a typical esdK because the TiO strength will also be affected by a higher carbon abundance. Fig. 15 shows that SDSS J1535A probably has metallicity between esdK7 and sdK7. SDSS J161454.33+145314.7 (SDSS J1614A) was classified as an usdK7 subdwarf according to the metallicity index ζ TiO/CaH defined by Lépine, Rich, & Shara (2007) . The spectrum of SDSS J1614A is shown at the bottom of Fig. 16 . The best-fitting SDSS spectrum of SDSS J1614A is a carbon dwarf. The spectrum of the carbon dwarf does not provide a good fit for the CaH indices at 6700-7000Å which is the major spectroscopic feature of an RSD. The spectrum of SDSS J1614A compares well with that of an esdK7.5 subdwarf SDSS J113419.66+345807.8 (SDSS J1134), and we thus classify it as a K7.5 type carbon subdwarf. Its fainter companion, SDSS J161519.36+145719.9 which is 437.85 arcsec away, has a spectral type of esdM2.5 according to Fig. 3 . We also note that the colours of SDSS J1614B are consistent with an esdM2.5 subdwarf (Fig. 15) .
The classification system for dwarf carbon stars has not been established. Spectral types assigned to these three carbon subdwarfs are equivalents of RSDs, do not have information of carbon abundance. The C2 swan bands in these carbon subdwarf spectra are somewhat weaker than in normal carbon dwarf spectra, suggesting that they have lower carbon abundance than normal carbon dwarfs. This could explain why the CaH indices of these late-type K subdwarfs are not as strong as we might expect. There are three possibilities to explain why these carbon subdwarfs have less carbon abundance than carbon dwarfs. (1) The progenitors of their WD companions had lower mass leading to a lower level of carbon accretion on to the secondary. Subdwarfs are older than dwarfs and thus have enough time for solar-mass companions to evolve through the red giant, AGB and WD stages. (2) These carbon subdwarfs have wider separation from their unseen WD companions than younger carbon dwarfs, again leading to lower levels of accretion. (3) The metal-poor WD progenitors have a lower carbon abundance.
Six RSDs companion to WDs
WDs provide important constraints on Galactic time-scales (Schmidt 1959) because their age can be well estimated from WD cooling time-scales combined with the evolutionary life-times of their progenitors. Binary systems containing old WDs and subsolar metallicity RSD components could provide a link between age and chemical abundance. Two old WD companions to early type K dwarfs with low metallicity ([M /H]∼ −0.5) have been identified (Jao et al. 2003 . Monteiro et al. (2006) measured the age of these WDs to be 6-9 Gyr, concluding that they were not likely to be members of the halo because they are younger than the canonical halo age of 12-14 Gyr (Gilmore, Wyse, & Kuijken 1989) .
The ratio between the strength of TiO and CaH bands near 7000Å for RSDs is a metallicity diagnostic (Bessell 1982; Allard & Hauschildt 1995) . Thus WDs with RSD companions have advantages for the study of chemical enhancement and the early formation history of the Galaxy. Four M and two late-type K subdwarfs in our sample are found to be companions to probable WDs (see Table 7 ). Fig. 13 shows spectra of two RSD companions to WDs (SDSS J124559.97+300325.2 and SDSS J141055.98+450222.6). WD companions are identified using reduced PMs (Fig. 11 ) and SDSS colours (Fig. 12) . The reduced PMs and r−z colour of these six binaries are plotted in Fig. 11 and joined with cyan lines. These six WD companions are associated with confirmed WDs on the left of the plot. The RSD companions are located on the sequence of RSDs in Fig. 11 . The g − r versus r − z plot in Fig. 12 also suggests that these six binary systems contain WD and RSD components. WDs are located at the bottom left in the g − r versus r − z plot (see Fig. 15 ), while cool WDs overlap with the hot tail of the main sequence. Most of RSDs in our sample are beyond 200 pc and therefore very cool WD companions will be missed by our search. These six RSDs with WD companions are classified as sdM or sdK could be members of either the thick disc or inner halo of the Galaxy. Fig. 17 shows the spectrum of SDSS J163340.83+133417.0 (SDSS J1633), which is classified as an esdK7 subdwarf. It has a significant flux excess in the blue band when compared to the normal esdK7 subdwarf SDSS J100849.85+200923.4 (SDSS J1008). When we remove the spectrum of SDSS J1008 from that of SDSS J1633, a typical WD spectrum remained. So SDSS J1633 is actually a WD+esdK7 spectroscopic binary system. It has a PM of µRA = −107.63 ± 3.61 mas·yr −1 ; µDec = −68.73 ± 3.61 mas·yr −1 and a radial velocity of −135.47 ± 7.45 km·s −1 . SDSS r, i and z band absolute magnitudes of K7 subdwarfs are 9.53 < Mr < 12.23, 8.97 < Mi < 10.42 and 8.68 < Mz < 10.08 respectively, based on sdK7 and esdK7 subdwarfs with parallax measurements. The distance of SDSS J1633 has been estimated (by averaging the absolute magnitudes in Mi and Mz) as 592 −41.0 km s −1 . We checked the SDSS images of SDSS J1633, to see if any companion was resolved. Fig. 18 shows the SDSS u-, g-, r-, i-band images of SDSS J1633. It is less likely to be resolved in the SDSS u, i and z bands because WDs are too faint in i, z bands and RSDs are relatively faint in the u band. There is no evidence that the system is resolved in the urz bands. The SDSS g band image shows a slightly elliptical profile; however, all stars around SDSS J1633 in this g−band image show elliptical profiles so this must be a characteristic of this particular SDSS image. Thus we conclude that the WD+esdK7 binary is not resolved in the SDSS images, and that the separation of this binary is less than ∼ 0.4 arcsec (∼ 171-328 au).
An esdK7+WD spectroscopic binary
The atmospheric parameters (T eff and log g) of the WD component were derived by performing a fit of the observed Balmer lines to hydrogen-rich WD models (Koester, private communication), following the procedure described in Garcés, Catalán, & Ribas (2011) . The Balmer lines in such WD models were calculated with the modified Stark broadening profiles of Tremblay & Bergeron (2009) . For the line fitting we used the code fitsb2 (Napiwotzki et al. 2004 ), which follows a procedure based on χ 2 minimization. Hα was not included in the fit, since it was not clearly visible in the spectrum, probably due to the contribution of the subdwarf companion. The atmospheric parameters obtained were: T eff = 12980±770 K and log g = 8.4±0.19 dex. As can be seen in Fig. 19 the fit in Hβ is poor, which can also be due to the contribution of the companion. Considering these parameters and using the WD cooling sequences of Salaris et al. (2000) we determined the mass and cooling time of this WD, obtaining 0.86±0.08 M ⊙ and 0.53±0.12 Gyr, respectively. The total age of a WD is the WD cooling time plus its progenitor lifetime. When a WD is isolated we can calculate the progenitor mass by using an initial-final mass relationship (e.g. Catalán et al. 2008 ) and then determine the progenitor lifetime using stellar tracks. In this case the WD is in a close binary, so, we cannot follow this procedure since the two stars may have interacted in the past. It is difficult then to obtain the total age for this WD since the progenitor lifetime could range from 0.2 to 6 Gyr if we consider progenitor masses from 4 to 1 M ⊙ and the stellar tracks of Dominguez et al. (1999) for Z=0.004. It is worth noting that the temperature obtained, 12980K, is also quite high for a halo WD with such a large mass. Typical halo WDs with T eff >10000 K have an average mass of 0.45M ⊙ (derived from the ESO SN Ia progenitor survey project; Pauli et al. 2006) . However, we note that the mass of the WD may have changed as a member of a close binary. Jao et al. (2005) discovered two WDs in systems with RSDs, LHS 193AB and LHS 300AB. These two systems have large tangential velocities and are likely members of the thick disc population of the Galaxy. Monteiro et al. (2006) estimated ages of these two WDs of 6-9 Gyr. If SDSS J1633 is a halo object, it should have an age of > 9 Gyr (Gilmore, Wyse, & Kuijken 1989) . The age of the system estimated from its WD companion does not fit with that of a halo object.
There are however uncertainties about this system: (1) it could be a binary system formed when the Galactic disc had a lower metallicity; (2) it could be a member of a stream; (3) the spectrum of the WD companion (after subtraction of the RSD) has a low signal to noise; (4) mass transfer between the two components could make the WD look younger; and (5) the RSD could have been captured by the WD or its progenitor.
SUMMARY & CONCLUSIONS
We have selected ∼ 1800 RSDs from SDSS with PMs greater than 100 mas·yr −1 . 42 of these objects are late-type M subdwarfs with spectral type of M6, 30 of them are new ones. We fitted an absolute magnitude -spectral type relationship (in the r, i, z, J, H, K bands) for M and L subdwarfs, showing that subdwarfs have different sequences to M and L dwarfs. Metal-poor cool dwarfs are subdwarfs only for spectral types of M5, and become 'super' dwarfs for later types (>M5). We estimated distances of our M subdwarfs using the absolute magnitude -spectral type relationships, and placed constraints on the U, V, W space velocities. Our sample shows that halo and disc populations have overlaps of metallicity and kinematics.
Five M ultra subdwarfs are found to have considerably higher gravity than normal M subdwarfs. Their CaH absorption features are significantly deeper than normal M subdwarfs (whose spectra are similar in other respects). These objects provide a good tests for how surface gravity effects the spectra of cool stars. These high-gravity features are only found in M ultra subdwarfs which may reveal the role that metallicity plays in the formation and evolution history of low-mass stars. We also identify fourteen carbon rich RSDs which represent a new population of carbon subdwarfs. These objects can help us to study carbon star populations over a much greater age range.
We have presented 45 RSDs in wide binary systems (> 100 au) containing sources with SDSS spectroscopy, confirming associations through common PMs. Their separations range from 0.4 arcsec to 9 arcmin, and the secondaries have spectral types ranging from late-type K to late-type M. 30 are wide and 15 are partially resolved binary systems. G 224-58AB is one of our widest binary systems, and contains an esdK2-and an esdM5.5-type subdwarf. SDSS J210105.37-065633.0AB is a closer binary system that contains an esdM1-and an esdK5.5-type subdwarf. We found one spectroscopic and six wide WD + RSD binary systems. With age constraints from the WD companions in these systems, we can study the chemical evolution of the Galaxy. Three metal-poor carbon dwarfs are found in binary systems with subdwarf companions. Kinematics and radial velocity follow up would be very useful to better understand the physics of carbon subdwarfs. Although our binary search is not complete, our sample shows that the binary fraction of RSDs goes down with decreasing mass and metallicity, and we estimate a RSD binary fraction of 5% for separation > 100 au and 10% for all separation distances.
In the future it will be possible to use UCSD binary systems (e.g. G 224-58AB) as benchmarks to test metalpoor ultracool atmospheric models. It will also be possible to use M subdwarf binaries systems (e.g. SDSS J2101AB, SDSS J143305.04+301727.6AB) to test M subdwarf classification methods, particularly gravity effects. We can also measure the metallicity of carbon subdwarfs most effectively if we are able to study their subdwarf companions (which do not suffer from carbon pollution). A larger sample of carbon dwarfs/subdwarfs in wide binaries is expected in the future, from surveys/facilities such as Pan-STARRS, LAM-OST, Gaia and LSST, providing the potential to identify large numbers of new nearby M, L and T subdwarf multiple systems.
